Abstract. There is a great deal of variation among japanese-cedar cultivars with regard to growth form, foliar characteristics, and winter browning. Differences in winter browning have been observed and documented by a number of authors. Previous research has established that there are differences in winter foliage color between cultivars included in the current study; however, no quantitative analysis under standardized conditions was conducted. Because of a previous report that tetraploid forms of japanese-cedar remain green during winter as a result of increased antioxidant enzyme activity, we hypothesized that cultivars that exhibit reduced winter browning were polyploids. We screened 56 accessions of japanese-cedar using flow cytometry analysis of 4#,6-diamidino-2-phenylindole (DAPI)-stained nuclei and performed chromosome counts on three cultivars. All accessions were diploid (2n = 2x = 22), although there were significant differences in genome sizes among the cultivars. Holoploid genome sizes ranged from 18.9 pg for var. sinensis JCRA to 22.3 pg for 'Viridis' with a mean of 20.1 pg. Chromosome counts for cultivars Ogon, Oye Keme, and Viridis supported the flow cytometry results. Although the underlying cause of the variability in morphology and winter browning among cultivars is unclear, our results show that differences in ploidy level are not responsible, because all tested genotypes were diploid. Chemical name: 4#,6-diamidino-2-phenylindole (DAPI).
Japanese-cedars (Cryptomeria japonica D. Don) are large trees in their native range of Japan and China and are often used as timber trees that may reach 36 to 46 m high in the wild (Dallimore and Jackson, 1967) . In managed landscapes they are sometimes used as an alternative to leyland cypress [·Cuprocyparis leylandii (A.B. Jacks. & Dallim.) Farjon (Farjon et al., 2002) ]. They are tolerant of biotic and abiotic stresses (Tripp, 1993; Tripp and Raulston, 1992) and form attractive large screens or specimens in landscapes. However, winter browning caused by photoinhibition (Ida, 1981 ) is unsightly and likely has reduced the use of japanese-cedars. Winter browning occurs as a result of the accumulation of the pigment rhodoxanthin during photoinhibitory conditions. Rhodoxanthin acts to protect the photosynthetic apparatus by dissipating excess light energy as heat to prevent the accumulation of reactive oxygen species (Han et al., 2003) . Plants found in Japanese forestry nurseries that did not exhibit winter browning were identified as tetraploids (Chiba, 1951) , and it was found that they did not accumulate rhodoxanthin because they were more resistant to the oxidative damage resulting from increased antioxidant levels (Niwa and Sasaki, 2003) . Winter browning is highly variable among ornamental cultivars of japanese-cedar. Rouse et al. (2000) described 45 cultivars of japanesecedar growing in the eastern United States including variability in foliage color during winter from brown to dark green. Our hypothesis was that a difference in ploidy level among cultivars is related to the variation in winter color and that cultivars that remain greener during winter were tetraploids. The current study was conducted to determine the ploidy level of 56 accessions of japanese-cedar and if variation in ploidy level is related to variation in winter browning.
Materials and Methods
Plant material. Fifty-six accessions of Cryptomeria japonica were received from the Atlanta Botanical Garden (Atlanta, GA), JC Raulston Arboretum (Raleigh, NC), Hopper Bros. (Woodburn, OR), Bizon Nursery Company (Hubbard, OR), and Youngblood Nursery Inc. (Salem, OR) as unrooted stem cuttings, rooted cuttings, or containerized plants (Table 1) . Material received as unrooted stem cuttings was rooted using 2000 ppm indole 3-butyric acid (Dip'N Grow Ò ; Dip'N Grow, Inc., Clackamas, OR), stuck into a 1 peat:1 perlite substrate, and placed under mist at a rate of 10 s every 60 min until root formation. The 56 accessions included in the study were chosen based on availability as well as differences in winter browning. Included in Table 1 are observations of winter color for 33 accessions from the current study from Rouse et al. (2000) . These data are included to demonstrate the variability of winter foliage color among japanese-cedar cultivars. Observations by Rouse et al. (2000) were made at multiple locations from Atlanta, GA, to Philadelphia, PA, over a 3-year period. Conditions were not standardized; therefore, observations for winter color cannot be considered as a quantitative tool. However, for the purposes of the current study, these data provide evidence to establish that there is considerable variation in winter foliage color among japanese-cedar cultivars.
Flow cytometry. Approximately 240 mg (1 cm 2 ) of young leaf tissue from each japanese-cedar clone and 0.5 cm 2 of leaf tissue of Pisum sativum L. 'Ctirad' were simultaneously chopped with a razor blade in a 35 · 10-mm petri dish with 400 mL of nuclei extraction buffer (CyStain Ò ultraviolet Precise P Nuclei Extraction Buffer; Partec, Münster, Germany). The solution was filtered using Partec CellTrics Ò disposable filters with a pore size of 30 mm to remove leaf tissue. Nuclei were stained with 1.6 mL of DAPI staining buffer (CyStain Ò ultraviolet Precise P Staining Buffer; Partec) and were incubated for 10 min at 25°C. The suspension was analyzed using a flow cytometer (CyFlow Ò Ploidy Analyzer; Partec) to determine mean relative DNA fluorescence [mean relative fluorescence (MRF)]. Ploidy and genome size were determined by comparing the MRF of each sample with the 2C peak of the internal standard [Pisum sativum L. 'Ctirad' 2C = 8.76 pg (Greilhuber et al., 2007) ]. For all samples, at least 1000 particles were analyzed with the exception of 'Araucarioides', 'Atawhai', 'Gyokomo', 'Koshyi', 'Little Diamond', var. sinensis UGA, 'Weed's Dwarf', and 'Yaku', for which fewer than 1000 particles were analyzed. Three samples from each accession were analyzed and data were subjected to analysis of variance and means were separated using Tukey's honestly significant difference test (a = 0.05).
Cytology. Plants of selected cultivars were placed in flats containing perlite, and roots were allowed to grow out of pots for collection. Cytology was conducted as described by Contreras et al. (2010) . Chromosomes were visualized using a Carl Zeiss AxioImager (Carl Zeiss MicroImaging GmbH, Jena, Germany). Images were captured using an AxioCam MRm (Carl Zeiss MicroImaging GmbH) and processed using AxioVision FRET software Version 4.7.2 (Carl Zeiss MicroImaging GmbH). Chromosomes of at least 10 cells of each cultivar were counted and a representative photomicrograph was taken.
Results and Discussion
The 56 accessions included in the current study were found to be diploid based on flow cytometry (Table 1) . There were significant differences in genome sizes among taxa; however, we attribute this to variation commonly observed during flow cytometry and not to actual differences in chromosome number or ploidy level. The mean holoploid DNA content for all accessions was 20.1 pg and the CV percentage was 8.5% or less. One would expect to observe values near 30 pg for triploids and 40 pg for tetraploids; however, the observed values ranged from 18.9 pg for var. sinensis JCRA to 22.3 pg for 'Viridis'. The three accessions with the largest genome sizes, 'Dacrydioides', 'Lobbii', and 'Viridis', were significantly larger than the smallest, var. sinensis JCRA and 'Weed's Dwarf'. There are limitations to calculating genome size when staining with DAPI, which binds preferentially to AT-rich regions of DNA; therefore, our genome size estimates are less exact than when using a DNA intercalator such as propidium iodide. However, DAPI has been shown to be effective and more cost-efficient in analysis of ploidy levels and our results are consistent with Hizume et al. (2001) who reported 22.1 pg/ 2C for japanese-cedar using propidium iodide.
Chromosome counts were performed on 'Ogon' (2C = 21.1 pg), 'Oye Keme' (2C = 19.7 pg), and 'Viridis' (2C = 22.3 pg). Based on flow cytometry, these cultivars had statistically different genome sizes; however, all were found to be diploids (2n = 2x = 22) (Fig.  1) . Eckenwalder (2009) reported that some of the variable forms in cultivation have one or two extra sets of chromosomes. However, no cultivars were named and it is unclear if the reference is to the chance triploids and tetraploids found in Japan (Chiba, 1951) or specific cultivars with which the author was familiar. In contrast to reports of a base number of 11 for Cryptomeria japonica (Khoshoo, 1961; Sax and Sax, 1933) , Dark (1932) reported a base chromosome number of 12, which is common in other genera of conifers. The report by Dark (1932) is the only report of a base chromosome number differing from 11 for japanese-cedar and appears to be an error. Based on flow cytometry, we thought that 'Viridis' might be an aneuploid (e.g., 2n + 2) because it was among the cultivars with a genome size statistically different from the majority of cultivars in the study. However, cytological analysis revealed that it too is diploid (Fig. 1C) .
Polyploids of japanese-cedar, tetraploids in particular, are reported to remain green during winter as a result of increases of up to six times the activity of specific antioxidant enzymes such as superoxide dismutase (Niwa and Sasaki, 2003) . In an attempt to exploit this phenomenon to develop new ornamental cultivars, induced tetraploids have been developed (Contreras et al., 2010) ; however, it remains to be seen if the same gains in antioxidant activity and improved winter color will be observed as in previous studies. In addition to Rouse et al. (2000) , Dirr (2009) and Krüssman (1985) reported on the variability in winter foliage color among japanesecedar cultivars, including a number that were included in the current study. There has not been a comprehensive evaluation of cultivars Rouse et al. (2000) . y Means within column followed by the same letters are not significantly different based on Tukey's honestly significant difference (a = 0.05).
of japanese-cedar under standardized conditions to compare winter foliage color between cultivars; however, it is well established that differences exist.
We report the analysis of 56 accessions of japanese-cedar for ploidy level and genome size using flow cytometry. Cytological analysis of selected cultivars supported the findings obtained by flow cytometry and all accessions were found to be diploid (2n = 2x = 22). The cultivars and selections included in the current study vary widely in growth form, morphology, and winter browning. Rouse et al. (2000) reported varying winter foliage color (Table 1) for 33 of the accessions included in the current study from brown to dark green. Although not standardized, their report highlights the fact that variability in winter foliage color exists among japanese-cedar cultivars. Some cultivars can be expected to remain greener during winter than others. The underlying cause of this variability is unclear, but it is not related to differences in ploidy level.
